determine whether the spatial disorder of human photoreceptors is sufficient to prevent aliasing distortion.
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Abstract-To determine whether the spatial disorder of human photoreceptors is sufficient to prevent aliasing distortion.
optical transform techniques were used to compute the power spectrum of a 12' x 13' array of fovea1 cones treated as sampling points and also the post-sampling spectra of gratings at spatial frequencies above (80 c/deg) and below (30 c/deg) the nominal Nyquist frequency for this array.
No trace of aliasing was observed in the spectrum of the sampled 80c/deg grating. The conclusion is that spatial disorder in fovea1 receptor placement allows alias-free sampling without introducing any appreciable spatial noise.
When a continuous optical image is reconstructed from values sampled at discrete points, mismatches between image bandwidth and sampling rate can give rise to a distortion known as "aliasing" whereby high spatial frequencies in the original image appear as low spatial frequencies in its reconstruction (Pearson, 1975; Yellott et al., 1982) . A familiar example is the Moire distortion sometimes seen in television pictures of high frequency objects such as a tweed coat. Aliasing is caused by undersampling:
it occurs when the sampling rate provided by a regular array of points is less than twice the highest spatial frequency imaged on that array. As a concrete example consider a square lattice of sample points spaced s units apart. The sampling theorem of information theory shows that such an array allows perfect reconstruction of any image whose highest spatial frequency is less than (2s))' (Goodman, 1965) . However if spatial frequencies higher than (2s))' are imaged on this array the sample values recorded will be identical to those normally produced by specific lower frequencies (i.e. frequencies < (2~)~ I). Any reconstruction based on these sample values will necessarily confuse these sampling artifacts with genuine low frequencies. For example a vertical grating with frequency ,f> (24-l will yield exactly the same sample values as a grating with frequency .s-' -/(see Fig. 1 , Panels E and F) and no post-sampling process will be able to distinguish between a real (s-' -f) grating and one generated by aliasing. The aliasing cutoff frequency of a sampling array (i.e. (2s)) ' in this example) is called its Nyquist frequency. Because aliasing cannot readily be corrected by post-sampling operations it imposes fundamental constraints on the design of image transmission systems. The normal engineering solution is to ensure that spatial frequencies above the Nyquist frequency never reach the sampling array by bandlimiting the image at the optical stage-i.e. frequencies that would otherwise be aliased are filtered out by the optical transfer function of the camera (Schade, 1975) .
Vertebrate vision begins with the sampling of continuous retinal images by discrete arrays of photoreceptors.
Consequently aliasing poses the same design problem here as in artificial image processing systems. However the parameters of the human eye indicate that our visual system does not solve its aliasing problem by the standard engineering technique of bandlimiting the optical image to match the Nyquist frequency of its sampling array. On the contrary, over much of the retina there is a large mismatch between the optically imposed bandwidth limits of the retinal image and the Nyquist frequencies implied by the total number of photoreceptors available to sample that image. Only in the center of the fovea (the foveola) is this not so: there the mean interreceptor distance (center-to-center) is (120)) ' deg of visual angle (Osterberg, 1935) and ophthalmoscopic measurements indicate that the fovea1 optical transfer function of the eye vanishes at 60 k lOc/deg (Campbell and Gubisch, 1966; Gubisch, 1967) . In this tiny region then there is a good fit between the nominal Nyquist frequency of the receptor array and the bandwidth of the images that can be formed on that array in normal vision. Outside the foveola, however, cone density falls off precipitously while retinal image quality remains roughly constant for some 25 deg (Jennings and Charman, 1981) . For example at 6 deg eccentricity the mean inter-cone distance has increased to (30)-i deg, implying a Nyquist frequency of 15 c/deg, whereas the optical transfer function cutoff is still 60c/deg. Thus one would expect that if the cones formed a locally regular sampling array, extrafoveal photopic vision should be plagued by aliasing-e.g. at 6 deg eccentricity, 25 c/deg should alias back to 5 c/deg, and since that frequency is I205
